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Abstract-Durability of concrete has been defined as its ability to withstand deterioration after it has been exposed to the environment of its intended use. This work examined the performance of ternary Corncob Ash (CCA) and Anthill Soil (AHS) concrete in sodium sulfate (Na2SO4), magnesium sulfate (MgSO4) and combined Na2SO4 and MgSO4 solutions. Bar specimens for elongation tests and cubes for strength deterioration tests were cast using combined CCA and AHS at the 5% replacement, which was earlier on reported to have achieved the highest compressive strength, as well as at the 30% replacement. From the findings, it was concluded that at the 5% replacement, the ternary mix could be used with an advantage over 100% cement concrete in MgSO4 environments.
Index Terms-Anthill Soil; Corncob Ash; Sulfate Attack; Ternary Concrete.
I. INTRODUCTION
Durability of concrete has been defined as its ability to withstand deterioration, and therefore being able to maintain its original form and quality in the environment of its use [1] .
Deterioration can either be caused by internal or external attacks from chemicals or chemical reactions [1] .
One of the causes of the lack of durability in concrete, and which is of interest to this research is sulfate attack.
Sulfate attack causes concrete to lose its strength by affecting calcium hydroxide [Ca(OH)2], a product of the hydration of cement and Calcium Silicate Hydrate (C-S-H), a product of the reaction between Ca(OH)2 and silicone dioxide (SiO2) [2] .
Sodium sulfate (Na2SO4) attack affects Ca(OH)2, and its products are gypsum and expansive ettringite [2] . Ettringite results in a volume increase of between 48% and 126% depending on exposure conditions [2] . Ettringite grows as needle-shaped crystals that can collectively generate very high stresses, which if greater than the tensile strength of concrete causes cracking [2] . On the other hand, the decalcification of the strength giving C-S-H in Na2SO4 attack to bring about the loss of strength is negligible, and as a result, it has been reported that Na2SO4 attack manifests and is evaluated through expansion [2] .
Magnesium sulfate (MgSO4) attack is reported to mainly affect C-S-H, decomposing it to the marshy noncementitious Magnesium Silicate Hydrate (M-S-H) [2] . As a result, it has been reported that unlike with the Na2SO4 attack, MgSO4 attack manifests and is evaluated through the loss of strength of concrete [2] .
Low sulfate resistance is characterised by high levels of Ca(OH)2, sulfate (SO4), iron (Fe2SO3), and aluminate (C3A); and low levels of silicone dioxide (SiO2) [3] . A high molar ratio of sulfite (SO3) to aluminium oxide (Al2O3) has been reported to enhance the formation of monosulfate, which leads to the formation of ettringite and gypsum after concrete has been exposed to sulfate attack [2] .
The pozzolanic reaction, which is the reaction between Supplementary Cementitious Materials (SCMS) such the Ground Granulated Blast Furnace Slag (GGBS) and Pulverised Fuel Ash (PFA); and cement has been reported to help in the dilution of C3A and the removal of Ca(OH)2 by converting it into C-S-H, thereby reducing the quantities of gypsum formed [2] . However, as MgSO4 attacks C-S-H to bring about the loss of strength, a poor performance of SCMs in MgSO4 environments has been reported [2] .
It has also been suggested that permeability, a measure of the ease with which a liquid or gas can get through concrete, or a rate at which pressured water can flow through voids which are interconnected within concrete is the most important aspect of durability, as it retards the diffusivity of harmful substances into concrete [4] , [5] . It is therefore more important to maintain low permeability than even to control the chemistry of the concrete [6] .
Apart from SCMs reducing the permeability of concrete through the packaging effect of unreacted particles, the C-S-H that is formed from their use also results in a less well interconnected capillary pore structure, which also leads to lower permeability [7] , [2] .
Compressive strength has also been reported as an important parameter in the durability of concrete, with high compressive strengths spelling high durability and vice versa [8] , [4] .
Corncob Ash (CCA) was defined by [2] as the incinerated corncob, which is the hard central core of corn that bears the grain of the ear cob. The suitability of CCA as a supplementary cementitious material was investigated by [9] .
Anthill soil (AHS) was defined by [10] as very cohesive soil grains that are coated with sticky rapidly hardening secretions from the recta and mouths of ants [11] , [10] . Its suitability to be used as a SCM was investigated by "Submitted for publication" [12] II. RESEARCH SIGNIFICANCE No work was found on the performance of ternary CCA and AHS in sulfate environments. More so, the availability of AHS may be limited, and using it alongside CCA to improve the durability of concrete could be a viable way of
Performance of Ternary Corncob Ash and Anthill Soil Concrete in Sulfate Solutions
John Kamau and Ash Ahmed utilising its pozzolanic properties. Table I shows the chemical composition of CCA and AHS specimens obtained by [9] and "Submitted for publication" [12] , whereas Table II and Fig. 1 show the compressive strengths of ternary CCA and AHS specimens that were obtained by "Submitted for publication" [14] .
III. PREVIOUS DATA

A. Chemical composition
From this information, it can be concluded that the ternary concrete of CCA and AHS could have a high resistance to sulfate attack as the levels of SiO2 and Fe2O3 are high and low respectively. The ratio of SO3 to Al2O3 which was also reported by [2] to enhance the formation of monosulfate that in turn leads to the formation of ettringite and gypsum when high was also low. The compressive strengths obtained for ternary CCA and AHS specimens by "Submitted for publication" [14] were those listed by [15] as being durable and suitable for structural applications.
The water absorption of ternary CCA and AHS was reported by [16] as shown in Table III . From the results, it can be concluded that the assumptions that high compressive strengths spell higher durability by [4] , and [8] could be plausible, as the 5% CCA and AHS replacement, which was also the replacement level that achieved the highest compressive strength showed lower permeability than the 30% CCA and AHS replacement and the control (specimens made with 100% cement). 
IV. METHODS
Sulfate tests were conducted conforming to [17] . Using a mix proportion of 1:2:3, 160 mm x 40 mm x 40 mm bar specimens and 100 mm x 100 mm x 100 mm cubes were cast and placed in an oven for 23½ hours at 35 0 C. The specimens were then demoulded and two cubes crushed to ensure that the concrete had achieved compressive strengths of at least 20 N/mm 2 ± 1.0 N/mm 2 . Solutions containing 5% Na2SO4, 5% MgSO4 and mixed 2.5% Na2SO4 + 2.5% MgSO4 were prepared, and the specimens fully immersed in the solutions after their lengths had been taken. The pH of the solutions was maintained at 8 throughout the immersion period.
A veneer calipers was used to measure the lengths of the bars at 1, 2, 3, 4, and 8 weeks, and at 4, 8, and 9 months conforming to [17] . Each elongation or strength deterioration test result was an average of three specimens conforming to [17] .
Elongation tests were carried out on specimens that had achieved the highest compressive strengths by "Submitted for publication" [14] from Table II above, which was at the 5% replacement, and the 30% replacement by the weight of cement. The rationale behind this choice of specimens was to test [8] and [4] 's assumption that compressive strength is an important parameter of durability than is the chemistry of concrete, which could have been improved at the highest CCA and AHS replacement that was used by "Submitted for publication" [14] 's study.
Elongation was calculated by using (1) conforming to [17] . 0% 5% 7.50% 10% 15% 20% 25% 30% L = − x100 [1] Where: L = percentage change in length at age of measuring, Lx = Veneer calipers reading of specimen at age of measuring, Li = Veneer calipers reading of specimen on immersion, Lg = 160 (nominal length between the innermost ends of the moulds used).
Surface deterioration was observed at the end of the 270 days of immersion.
Strength deterioration was assessed using Strength Deterioration Factors (SDFs), which were calculated by using (2) after [18] . The control solution used was tap water, the reference from which performances were measured.
Where; fcw' is the compressive strength of cube specimens immersed in the control solution and fcs' is the compressive strength of sulfate solutions immersed cube specimens. Table IV and Fig. 2 show the elongation of CCA and AHS specimens in Na2SO4, MgSO4 and mixed Na2SO4 and MgSO4 solutions at highest compressive strength. From the results, the performance of the ternary CCA and AHS specimens was below that of the control (100% cement specimens) in the Na2SO4 and mixed sulfate solutions. In the MgSO4 solution, the ternary CCA and AHS specimens' performance was above that of the control specimens, spelling that the ternary mix of CCA and AHS could be used with an advantage over 100% concrete in MgSO4 environments. However caution should be exercised when interpreting these results since as mentioned earlier, it has been reported that deterioration in MgSO4 environments should be evaluated through the loss of strength [2] . Moon, et al. [18] had associated the slight increase in length in the MgSO4 solution to the formation of brucite in the cement matrix due to the presence of magnesium ions. However, [19] reported higher linear expansions on Silica Fume (SF) replaced specimens in the MgSO4 solution. The poor performance of SF specimens in the mixed sulfate solution was attributed by [18] to the predominance of the more aggressive MgSO4 attack over Na2SO4 attack. Table V and Fig. 3 show elongation of CCA and AHS specimens in Na2SO4, MgSO4 and mixed sulfate solutions at 30% replacement. The findings show the performance of the ternary specimens of CCA and AHS falling below that of the control specimens in all sulfate solutions. The high elongation at the 30% replacement in the MgSO4 solution calls into question the assumptions in literature that MgSO4 attack only manifests in the loss of strength rather than in expansion [2] . More so, as stated earlier, [19] also reported some considerable increases in length on bars that were immersed in the MgSO4 solution.
V. RESULTS AND DISCUSSIONS
A. Elongation
On the performance of binary CCA and AHS in sulfate solutions, [9] and [20] reported a higher performance than the control by the CCA specimens at highest compressive strength, and a lower performance by the AHS specimens. The good performance of the CCA specimens was attributed by [9] to the refining of pores, dilution of C3A and the 
Control
Ternary 2.5% CCA and 2.5% AHS removal of Ca(OH)2 by converting it into C-S-H.
As was earlier on discussed, low permeability is important as it inhibits the diffusivity of harmful substances into concrete [4] . From Table III , the coefficient of water absorption reported by [16] on ternary specimens of CCA and AHS was lower at the highest compressive strength compared with the 30% replacement. Even though [2] reported that the filler effect of unreacted particles improves permeability and therefore limits the diffusivity of harmful substances, [1] attributed the high permeability at high replacements to low levels of Ca(OH)2 that is present to react with excess SCMs to form the foil-like C-S-H with a distorted capillary pore structure, and hence harmful substances such as sulfates easily diffuse into the concrete causing deterioration.
A similar trend of high durability performances at highest compressive strength and low durability performances at high replacements was reported by [21] on PFA and GGBS specimens.
B. Strength deterioration (SDF)
As earlier on stated, loss of strength was determined using Strength Deterioration Factors (SDFs) after [18] . Table VI shows the SDFs of the ternary CCA and AHS specimens immersed in Na2SO4, MgSO4 and mixed sulfate solutions. From the findings, the performance of the ternary specimens was below that of the control in both Na2SO4 and mixed sulfate solutions as high SDFs were recorded. However, a lower SDF was recorded for specimens that were immersed in the MgSO4 solution. Kamau, et al. [9] and [20] reported lower SDFs on binary CCA and AHS than those of the control in the Na2SO4 and mixed sulfate solutions, even though the SDFs were higher than those of the control in the MgSO4 solution. As has already been discussed, MgSO4 attacks C-S-H in SCMs to form the non-cementitious M-S-H, and hence the superiority of the control specimens in the MgSO4 solution [2] .
The good performance of the ternary specimens in the MgSO4 solution spells the possibility of using CCA and AHS in ternary mixes with an advantage over binary concretes of CCA and AHS as well as 100% cement to improve the performance of concrete in MgSO4 environments.
The high SDF of the ternary specimens of CCA and AHS in the Na2SO4 solution was not consistent with literature, that deterioration due to Na2SO4 should not be evaluated using the loss of strength [2] , [18] . Table VII shows surface deterioration of ternary CCA and AHS specimens immersed in Na2SO4, MgSO4 and mixed sulfate solutions. Surface deterioration was assessed using a key method employed by [22] . Whereas the same amount of deterioration was observed on both the ternary and control specimens that were immersed in the Na2SO4 solution, higher surface deterioration than that of the control was observed on the ternary specimens that were immersed in solutions that contained MgSO4. The surface deterioration observed on the ternary specimens in both the MgSO4 and the mixed sulfate solutions was higher than that reported by [9] and [20] on individual binary specimens.
C. Surface deterioration
The presence of bruicite and gypsum confirmed by [18] on specimens immersed in the MgSO4 solution was considered by the authors to be the cause of surface deterioration.
The good performance of the control specimens in the Na2SO4 solution did not confirm the work of [18] , who reported higher surface deterioration on control specimens than on SF specimens. However, the findings were consistent with [18] , where a higher resistance to surface deterioration by the control specimens in solutions that contained MgSO4 compared with SF specimens was reported. 
VI. CONCLUSION
This work looked into the performance of ternary Corncob Ash (CCA) and Anthill Soil (AHS) replaced concrete in sodium sulfate (Na2SO4), magnesium sulfate (MgSO4) and mixed Na2SO4 and MgSO4 environments. The following conclusions were drawn from the results:
1. At highest compressive strength in elongation as well as in strength deterioration, the good performance of the ternary CCA and AHS specimens in the MgSO4 solution spells the possibility of using both materials in concrete with an advantage over 100% cement concrete in MgSO4 environments. 2. Higher surface deterioration was observed on the ternary specimens of CCA and AHS compared with the control specimens immersed in solutions that contained MgSO4, whereas no deterioration was observed on specimens that were immersed in the Na2SO4 solution.
